Fatigue affects many people with multiple sclerosis and is associated with daily functioning. There are several subtypes of fatigue and physical behaviour, although this is often not recognized in the literature. Therefore, we studied the associations between subtypes of fatigue and physical behaviour in a large group of fatigued persons with multiple sclerosis. Fatigue was divided into subjective, physical, cognitive and psychological dimensions, and physical behaviour was divided into the dimensions amount of activity, intensity of activity, day pattern, and distribution of activities. The results showed that physical behaviour dimensions, the distribution dimension excepted, were associated only with the physical dimension of fatigue, and not with other fatigue dimensions or total fatigue scores. The results of this exploratory study highlight the importance of more detailed assessment of both fatigue and physical behaviour in multiple sclerosis.
F atigue affects 80% of persons with multiple sclerosis (MS) (1, 2) and occurs among all MS subtypes and disability levels (3) . MS-related fatigue is defined by the Multiple Sclerosis Council for Clinical Practice Guidelines (4) as "a subjective lack of physical and/or mental energy that is perceived by the individual (or caregiver) to interfere with usual and desired activities". From this definition, it seems plausible that MS-related fatigue is associated with daily physical functioning (1, 3) or, more precisely, with an individual's physical behaviour (PB) (5, 6) (i.e. the body postures, movements and activities performed in daily life (7)). However, the definition of MS-related fatigue is rather general, and lacks specificity regarding different dimensions of fatigue and its consequences. Fatigue questionnaires also have this lack of specificity, as exemplified by questions such as "fatigue interferes with my daily functioning" (Fatigue Severity Scale (8) ).
The complexity of the relationship between fatigue and PB is also evident from the literature. Several studies (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) have focused on describing the relationship between fatigue and different aspects of PB. However, overall, the evidence for the relationship between fatigue and PB, with fatigue affecting PB and/or vice versa, is weak. Furthermore, the results are conflicting, as some studies support an association, i.e. when there is more fatigue the person is less physically active (9) (10) (11) , while other studies report either a weak association or none at all (12) (13) (14) (15) (16) (17) (18) . Thus, there is currently no consensus about associations between fatigue and PB.
This lack of consensus may be explained by the limited attention paid to the multi-dimensionality of fatigue (1) and that of PB (7) . Both fatigue and PB can be regarded as umbrella constructs that consist of several dimensions. For example, perceived fatigue consists of subjective, physical, cognitive and psychological dimensions (19) . Relying on a sum score of all of these dimensions, or considering a single dimension alone, may mask the existence of any association with PB.
Similarly, PB is composed of different dimensions. Most literature has focused primarily on 1 dimension of PB, namely the "amount of physical activity" (20) (21) (22) (23) . However, it is recognized that measurement of PB should include a wide range of multidimensional measures, such as intensity, type, duration, and frequency (24, 25) , as well as temporal features (26) . In a previous paper from our group (5), a detailed analysis of physical behaviour showed that fatigued people with MS not only differed from healthy controls in levels of physical activity, but also in some other dimensions of physical behaviour, such as day patterns, intensity and distribution. Treatment strategies also recognize the relevance of other dimensions of PB. For example, energy conservation management (27) does not focus on total amount of activity, but aims at balancing an individual's activities and rest so as to relieve fatigue. In this case, PB outcomes that only represent amount will not be most valid and responsive. Also, in other populations, there has been increasing interest in evaluating day patterns (morning, afternoon, evening), intensity of activity, as well as the distribution of activity and sedentary behaviour (5, 6, 28) . Not recognizing the multi-dimensionality of PB may mask any potential effects or associations.
To date, only one study has investigated the relationship between fatigue and PB considering the multi-dimensional components of fatigue (17) . In this study, by Rietberg et al. (17) , there were no associations detected when considering the total fatigue scores; however, the physical dimension of fatigue (measured with the Modified Fatigue Impact Scale) was significantly associated with the total amount of physical activity. A β of -0.044 indicated that a 1-point increase in physical fatigue was associated with a mean decline of 5.5 min in physical activity over 24 h. However, the study did not consider the multi-dimensionality of PB.
More detailed knowledge about the relationship between MS-related fatigue and PB will provide a better understanding of the consequences of MS on daily functioning, which can be useful in designing treatment modalities. This might lead to the development of more effective interventions that are tailored to individual needs and therefore to improved rehabilitation. The aim of the present study was to explore associations between different dimensions of fatigue and PB in ambulatory persons with MS-related fatigue.
PATIENTS AND METHODS

Participants
The study population consisted of people with MS who were included (until March 2014) as participants in the Treating Fatigue in MS with Aerobic Training, Cognitive Behavioral Therapy and Energy Conservation Management (TREFAMS-ACE) research programme (29) . This research programme consisted of 3 multi-centre randomized controlled trials (RCTs), which evaluated the effectiveness of rehabilitation interventions on fatigue and participation in patients with MS. The inclusion criteria in this research programme were as follows: definite diagnosis of MS; severe fatigue, as indicated by a score of ≥35 on the fatigue domain of the Checklist Individual Strength (CIS20r); ambulatory status (i.e. Expanded Disability Status Scale (EDSS) ≤ 6.0; no diagnosis of depression (i.e. Hospital Anxiety and Depression Scale (HADS) < 11); no initiation or change to pharmacological treatment for fatigue during the previous 3 months; and age 18-70 years. The protocol for this study was approved (NL number 33451.029.10; METc VUmc.nr 2010/289) by the Medical Ethics Committee of VU University Medical Center, Amsterdam, The Netherlands. Details of the TREFAMS-ACE study have been described elsewhere (29) . All participants provided written informed consent. An additional inclusion criterion for the present study was the availability of baseline accelerometer data.
Measurements
Fatigue was measured with 2 self-reported fatigue questionnaires that cover different dimensions of fatigue (30) . The Checklist Individual Strength (CIS20r) (31) is a multi-dimensional questionnaire that consists of 20 items, rated on a 7-point scale. The CIS20r is divided into 4 dimensions of fatigue and related behavioural aspects: the subjective experience of fatigue (8 items); reduction in motivation (4 items); reduction in physical activity (3 items); and reduction in concentration (5 items). The CIS20r focuses on fatigue experienced in the previous 2 weeks. The CIS20r has several reliable psychometric properties, such as good internal consistency and test-retest reliability for total scores and dimensions scores, as well as good construct and concurrent validity. Furthermore, the multi-dimensional construct is supported by factor analysis (19, 32) . The Modified Fatigue Impact Scale (MFIS) (33) is a multi-dimensional questionnaire that consists of 21 items, rated on a 5-point Likert scale. MFIS assesses the perceived impact of fatigue on 3 dimensions: physical (9 items), cognitive (10 items) and psychosocial (2 items) functioning during the previous 4 weeks. The MFIS is frequently used in MS research and has been shown to have good test retest reliability on the total and domain scores, as well as good construct and concurrent validity. The multi-dimensional structure has also been confirmed (19, 33) . For both questionnaires, higher scores reflect more fatigue.
The assessment of PB was conducted in the participants' daily environment using 3-dimensional accelerometry (ActiGraph GT3X+ model a ; 4.6 × 3.3 × 1.5 cm; 19 g). This device is valid and reliable in measuring PB in persons with MS (34) . Participants wore the accelerometer on an elastic belt around their waist during waking hours for 7 days and were requested to remove it only during water-based activities, such as showering or swimming. Accelerometer signals were sampled with 30 Hz and downloaded using an epoch length of 10 s and the low-frequency extension (LFE) option in Actilife software (v. 6.6.2). Activity counts from all 3 axes, i.e. the vector summed value known as "vector magnitude" (VM), were calculated. For every ActiGraph, a compliance and control quality check was performed once data were downloaded. Non-wear periods were defined as a 180-min (or longer) period of continuous zero counts without allowing for interruption and were filtered from the raw data using a semi-automated algorithm and excluded from further analyses. Days with at least 660 min of wear time were considered valid. For data to be included in the analysis, at least 5 valid measurement days were required (35) . From Actilife the data were imported into Microsoft Excel for each person separately; additional calculations on bouts and cutpoints were performed using Microsoft Excel and MATLAB.
Outcomes
Four dimensions of fatigue were derived from 7 subscales of the 2 fatigue questionnaires (CIS20r and MFIS) (see Table II ). The 4 dimensions were categorized by maintaining the original subscales and combining the subscales of the 2 fatigue questionnaires of items that were conceptually similar. This was tested by examining the relationships such that the subscales were moderately (r > 0.3) (physical and psychological) or highly (r ≥ 0.8) (cognitive) correlated. The 4 dimensions are as follows: (i) Subjective fatigue: CIS subjective fatigue score; (ii) Physical fatigue: CIS physical activity scores and MFIS physical scores; (iii) Cognitive fatigue: CIS concentration scores and MFIS cognitive scores; (iv) Psychological fatigue: CIS motivation scores and MFIS psychosocial scores.
PB variables were selected based on the results of a previous study by Blikman et al. (5) . In the present study, 10 PB variables (see Table II ) were categorized into 4 PB dimensions: (i) Amount of activity: the amount of daily activity of a person based on the activity expressed in total counts per day and counts per minute. Higher amounts of activity are assumed to be beneficial. (ii) Intensity categories: the time spent in different intensity categories as a percentage of the total wear time per day. Percentages were calculated for the time spent in sedentary activities (0-150 counts), light physical activity (151-2,690) and moderate-tovigorous physical activity (MVPA) (> 2,691) (36) . More time spent in higher intensity categories is assumed to be beneficial from the perspective of functioning and health (i.e. less sedentary, more light and more MVPA). (iii) Day patterns (5): how the amount of activity is spread over the day (morning, afternoon and evening period). Based on previous research (5), we reported the outcome as a "day pattern ratio", which was calculated by counts per minute in the evening (06.00 to 12.00 h) divided by counts per minute in the morning (05.00 to 12.00 h). We assume, that a higher (or equal) ratio express a higher amount of remaining capacity to be active during the evening, which can be considered to be beneficial. (iv) Distribution: distribution outcomes are based on the analysis of bouts: a consecutive time period of a defined activity. For this paper, the defined activities were sedentary behaviour and MVPA; thus we studied the distribution of both sedentary behaviour bouts and MVPA bouts. The distribution outcomes that were calculated were the "Fragmentation index" (37) and the "Gini index" (38) . The Fragmentation index is calculated as the number of bouts divided by the summed duration of all bouts. A higher Fragmentation index indicates that time spent in an activity is more fragmented with shorter bouts. The Gini index reflects the pattern of accumulation of these bouts.
Statistical analysis
Prior to statistical analysis, the standardized values (z-scores) of the baseline fatigue and PB variables were calculated by SPSS, resulting in a distribution with a mean of zero and a variance of one. After standardization, a lower z-value related to fatigue implied less fatigue, and a higher z-score for PB indicated a more beneficial type of PB. The standardized values of the variables within 1 dimension were averaged for each individual. Standard linear regression analysis was used to assess the association between the standardized dimensions of PB as the independent variables in the model and the standardized dimensions of fatigue as the dependent variables. A negative β regression coefficient indicated that, per unit increase in the standardized PB dimension, the standardized fatigue dimension was reduced by the amount of β, and vice versa for a positive β. Assumptions of normality, heteroscedasticity and multicollinearity were graphically checked using residual plots. First, 4 regression models were used, each focusing on 1 of the fatigue dimensions, while including the whole set of PB dimensions simultaneously. When evaluating the results of the linear regression analyses, we used the omnibus F-tests to investigate whether at least one of the 4 PB dimensions was significantly associated with a specific fatigue dimension. If this test was significant, additional analyses were conducted to determine which of the specific PB dimensions were significantly associated with the fatigue dimension under study. Subsequently, we also performed the same analyses after adjusting for age and sex. In addition to the fatigue dimensions, we studied the association between the PB dimensions and fatigue total scores (i.e. CIS total, MFIS total) to compare the findings resulting from the fatigue total scores and fatigue dimensions. SPSS version 21 was used for data analysis. Descriptive data are presented as the median (interquartile range; IQR) or as otherwise indicated. The significance level was set at p < 0.05. Additional analysis adjustments were made for multiple comparisons.
RESULTS
Initially, 222 baseline accelerometer data files of participants were available. Ten data files were excluded because they did not meet the inclusion criteria for valid measurements (i.e. over 5 valid measurement days). Ultimately, baseline accelerometer data from 212 persons with MS were available for analysis. The mean number of valid days was 6.7, and the mean wear time per day was 904 min. The participant characteristics are shown in Table I .
The participants with MS were severely fatigued, as defined by the fatigue domain of the CIS20r (inclusion criteria) and the Fatigue Severity Scale (39) , and their EDSS scores showed minimal to moderate neurological impairments. In addition, 73.1% of participants had relapsing remitting MS. The mean and range of the original non-standardized PB variables and fatigue variables are shown in Table II .
The omnibus F-test of the standard linear regression analysis showed that at least 1 PB dimension was significantly associated with the physical fatigue dimension (omnibus F-test: 3.96; df1 = 4, df2 = 207; p = 0.004), while no associations were found with subjective fatigue (omnibus F-test: 1.48; df1 = 4, df2 = 207; p = 0.210), cognitive fatigue (omnibus F-test: 1.06; df1 = 4, df2 = 207; p = 0.379) and psychological fatigue (omnibus F-test: 1.00; df1 = 4, df2 = 207; p = 0.409). In addition, no associations were found with the total scores of fatigue (CIS20r total p = 0.165; MFIS total p = 0.398).
Additional analyses focusing on which PB dimensions were significantly associated with physical fatigue revealed that the PB dimensions amount of activity, categories of intensity and day pattern were negatively associated with physical fatigue (Table  III) , while this was not the case for the distribution dimension. This means that persons with lower scores of physical fatigue have higher amounts of physical activity, spent more time in MVPA and less time in sedentary behaviour, and spread their activities more equally over morning and evening, or are more active in the evening. Comparable associations were found after adjustments for age and sex (Table III) .
DISCUSSION
This study examined associations between dimensions of fatigue and dimensions of physical behaviour in a sample of 212 persons with severe MS-related fatigue. To our knowledge, no study has examined www.medicaljournals.se/jrm this relationship while taking into account the multidimensionality of both constructs. The results of our study show that physical behaviour dimensions are only associated with physical fatigue, and not with other fatigue dimensions and total fatigue scores. This conclusion can be drawn for 3 out of 4 dimensions of physical behaviour, i.e. the total amount, the intensity, and the day pattern of activities, while the distribution dimension was not related to physical fatigue. It has to be noted, however, that only a small proportion of the variance in physical fatigue was explained by the variance in physical behaviour.
The specific associations between physical behaviour and fatigue found in our study may lead to new perspectives on the treatment of fatigue in people with MS. The results of our study do not allow any causal statements, but do support the further exploration of treating physical fatigue by changing physical behaviour, e.g. by increasing the activity amount, making changes in the time spent in intensity categories (i.e. less sedentary and more light or MVPA intensity activities) or by balancing the day pattern of activities (i.e. equally spreading activities over morning and evening or increasing the level of activity in the evening). However, as indicated by the small explained variance, the clinical impact of changing physical behaviour to decrease physical fatigue may be small.
In a previous study we compared physical behaviour outcomes and dimensions between fatigued patients with MS and healthy comparison subjects (5) . Although there were some differences between outcomes, the overall conclusion of that study was that these groups differed in physical activity level, and in other physical behaviour dimensions, such as day patterns, intensity, and distribution. The results of the current study are different with respect to the absence of a relationship between the distribution dimension of physical behaviour and the physical dimension of fatigue. Together with the previous findings this indicates that distribution, as expressed by the Gini and Fragmentation index, is affected in fatigued patients with MS, but not related to fatigue. In general terms: compared with healthy controls fatigued people with MS tend to have longer bouts of sedentary behaviour and shorter bouts of MVPA, but persons with MS with more fatigue do not have longer bouts of sedentary behaviour and shorter bouts of MVPA than persons with MS with lower levels of fatigue. This suggests that fatigued people with MS do distribute their periods of activity and rest differently from healthy controls, but also that changing distribution is not a primary adaptation strategy to fatigue.
None of the physical behaviour dimensions was associated with the total scores of the fatigue questionnaires. Similar results were reported by Rietberg (17) , who showed that an analysis of the total scores of fatigue measures yielded no associations, whereas the physical dimension of fatigue was associated with the total amount of physical activity, one of our components of physical behaviour. Both our study and the study of Rietberg (17) suggest that the fatigue dimensions are distinct from each other and different from the total fatigue scores, which has also been concluded by other studies investigating measurements of fatigue (19, 40) . This finding suggests that fatigue dimensions should be used separately in both research and clinical practice, and that the sum scores should not solely be relied on. In addition, our results also support the importance of studying physical behaviour in more detail (5), e.g. when treating patients with MS or studying the effectiveness of rehabilitation, otherwise important effects may be missed.
Although there was a significant negative association between the dimensions of physical fatigue and physical behaviour (i.e. more fatigued persons have a less active physical behaviour), these associations were nonetheless weak. A possible explanation may be that most of the participants included in this study were severely fatigued, with a relatively small range in fatigue scores. In studies that focus on relationships between outcomes, a large between-subject range in outcomes will more easily result in significant results. The weak relationships must therefore be considered in this perspective, and we propose future studies with a more heterogeneous population with respect to fatigue. Such studies may provide further insights into relationships between fatigue and physical behaviour.
Rietberg et al. (17) showed that stronger associations between fatigue and physical behaviour became evident after adjusting for patient characteristics, such as age, MS type, anxiety and depression. In our population, fatigue was present in all types of MS and independent of MS duration. We therefore had not selected these as possible confounders. Furthermore, adjusting for depression was unnecessary because a diagnosis of depression was an exclusion criterion in the present study. In our study, age and sex did not bias the association between physical behaviour dimensions and physical fatigue, and minimally altered the adjusted β values.
The present study has some limitations. Firstly, we have already discussed the relatively small range in fatigue scores of the subjects, which is the result of the inclusion criteria of the RCTs from which the data of the current study were used. Secondly, causal relationship cannot be determined using a cross-sectional study design. Specifically, while changes in physical behaviour may influence fatigue, the converse may also be true. For example, Rietberg et al. (17) studied the association between physical behaviour and fatigue and defined fatigue as the independent variable. Thirdly, our sample consisted of fatigued and ambulatory persons who were enrolled in a RCT study, most of whom had relapsing-remitting MS with minimal to moderate neurological impairment and no evidence of depression. These criteria limit the generalizability of our findings to all persons with MS. Fourthly, accelerometers have limitations, for example difficulty with measuring low activity patterns, which in our GT3X model was improved with the low-frequency extension filter; however, the validity of this filter is still insufficiently shown. Also different processing techniques (e.g. wear-time, cut-points) for accelerometers can influence the outcomes (41). We therefore clearly described our data-processing settings, which were appropriate at the time of our analysis. However, as activity monitor technology and protocols are rapidly changing, other data processing settings could become more suitable. Finally, the fatigue and physical behaviour measurements were not assessed across exactly the same period of time. Fatigue questionnaires were most often completed one week before the activity monitor measurement. However, the fatigue questionnaires measured fatigue over the previous 2 (CIS20r) or 4 weeks (MFIS) and gave a good indication of the level of chronic fatigue generally experienced by persons with MS. Although fatigue fluctuates between days, participant scores on these questionnaires are likely to remain stable. Therefore, we would not expect associations to be different if the measurements had been conducted in the same week.
In conclusion, in ambulatory persons with MSrelated fatigue, a weak association was found between physical fatigue and several physical behaviour dimensions. The results indicate that more fatigued persons have a less optimal physical behaviour. The results subscribe the importance of considering specific fatigue and physical behaviour dimensions in addition to the total scores when treating patients with MS or studying the effectiveness of rehabilitation interventions. However, our study was explorative and the associations found were weak. Overall, we conclude that the clinical impact of changing physical behaviour to decrease physical fatigue may be small.
